%'e calculate the lifetime of a nonequilibrium electron in the first excited subband in the lowdensity heterostructure where this photocreated carrier occurs at the last stage of its cooling. The electron interaction with acoustic phonons gives the dominant intersubband relaxation mechanism, if the intersubband energy splitting and the Fermi energy splitting are relatively small, 1 )e&/Azo ) 0.7 -0.8. In GaAs-Al Ga~As heterostructures the intersubband relaxation determines the excitedelectron lifetime to be of the order of mph nanoseconds mhich depends slightly on the value of the two-dimensional electron density. When the ratio es /Azp is smaller, the intersubband relaxation is determined by the Auger-like electron-electron scattering whose rate can increase up to the value 10 sec
I. INTRODUCTION
Optical studies of two-dimensional (2D) electron systems have been extended during recent years to the investigation of the recombination in high-quality heterostructures at low temperatures.
After identification in earlier works of the spectral lines associated with the recombination of 2D electrons with free and acceptor bound holes, the kinetics of luminescence and related relaxation phenomena became the subject of more recent experimental activities. s s Among these observations one can find those where the kinetic phenomena manifested themselves indirectly through the interplay of intensities of diferent spectral lines5 and also the direct time-resolved optical measurements.
Although the theory of energy relaxation of hot electrons in quantum wells or semiconductor superlattices is well developed, 7 the luminescence studies in heterostructures at low temperatures have revealed some information on the relaxation of photocreated carriers which have been omitted in the hot-electron theory. The main relaxation channel of high-energy electrons is related to the emission of optical phonon, so that the electron-electron and electron-acoustic phonon interaction usually can be ignored. Another channel which can compete with the relaxation accompanied by acoustic-phonon emission is related to the electron-electron scattering in the system. The Auger-like process to be considered below is shown in Fig. 1(b) The amplitude of the intersubband electron-electron scattering event strongly depends on the shape of a conGning potential. When the well is symmetric, the parity of the electronic state is a conserving quantum number, so that the Auger process between the closest subbands is forbidden. In heterostructures the built-in electric field makes the confining potential asymmetric (usually it can be approximated by a triangular well), and the Auger process is, therefore, allowed. After this, the Auger rate takes the form 2ir (2ez& dpdp' n' (10) The characteristic value of the rate w&" in this expression is scaled by natural units of the donor-scaled Rydberg in the semiconductor, Ry/h = e4m/yzhs, whereas the fact that the transition is the intersubband one is taken into account by numerical factors gyp (x) and gal (x) deterIn parametrizing the efFective cross sections of spin-(fJ) and spin-(f$) processes in Eqs. (8) and (9) we use the same dimensionless variable ( = q, A, as in Eq. (3). We also similarly parametrize the electron planar momenta, u = A,p and u' = A, p', which allows us to rewrite Eq.
(7) as mined by the shape of the well and dependent on the Fermi-to-intersubband energy ratio in the structure. The intersubband electron-electron relaxation process has two obvious thresholds. The first corresponds to the Fermi-energy crossing with the higher subband, when the occupation of the higher subband becomes equilibrium.
It occurs at some electronic density n', at which eF (n, ') = Bio(n, '). The second threshold is related to the lowest densities, when the absence of carriers makes the notion of electron-electron scattering meaningless, and in the rest of this section we find the analytical expression of the rA" in these two limits and then estimate it in the region of intermediate densities.
(a) Near the threshold density n, ' the energy transferred in the process is negligibly small and in the final state both of the colliding electrons have approximately the same values of their momenta p = p' = p~a s an incident electron from the ground subband. The kinematics of this process is shown in Fig. 2(a) . A characteristic accessible volume of the phase space of this scattering event is small and proportional to the square of a small deviation of the electron anal-state momentum from the Fermi momentum p~, which gives Fig. 2(b 
